Together with PRR1/TOC1, PRR5 belongs to the small family of PSEUDO-RESPONSE REGULATORs (PRRs), which function as clock components of Arabidopsis thaliana. We employed a set of transgenic lines, each of which was designed to misexpress a truncated form of the PRR5 molecule, together with the original transgenic line (named PRR5-ox) that misexpresses the entire PRR5 polypeptide. The results of genetic analysis suggested that PRR5-ox seedlings showed a phenotype of hypersensitivity to red light during early photomorphogenesis in a manner dependent on red light photoreceptors (PhyA and PhyB), but independent of PRR1/TOC1. The set of newly constructed transgenic lines (named PRR5-N-ox and PRR5-C-ox) were also characterized in terms of circadian-associated phenotypes. The results suggest that the N-terminal pseudoreceiver domain of the PRR5 molecule seems to be dispensable for the misexpressed PRR5 molecule to bring about the phenotype of red light sensitivity. However, PRR5-N-ox plants, misexpressing only the pseudo-receiver domain, showed a phenotype of long period of free-running circadian rhythms of certain clock-controlled genes. Considering these and other results, we discuss the structure and function of PRR5 in the context of current views of the circadian clock in higher plants.
In higher plants, circadian rhythms are involved in a wide range of biological processes, including movement of organs such as leaves and petals, stomatal opening, and also photoperiodic control of flowering time. 1, 2) To such circadian rhythms, the biological clock (oscillator) is central. In the model higher plant Arabidopsis thaliana, the current best candidates for clock components are CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) and its partially redundant homolog LHY (LATE ELONGATED HYPCOTYL). [3] [4] [5] [6] In addition, five members of a small family of PSEUDO-RESPONSE REGULATORs (PRRs) are also believed to be another type of clock components. The representative first uncovered was TOC1 (TIMING OF CAB EXPRESSION 1), 7, 8) which is identical to PRR1. 9) It was originally proposed that these two types of clock components (CCA1/LHY and TOC1) form a negative/positive transcriptional feedback loop that generates intrinsic circadian rhythms (see Fig. 1A ). 10) We have been studying this small family of PRR members, and recently we proposed an interlocking multi-loop model in which PRR9, PRR7, and PRR5 play coordinate and distinctive roles close to (or within) the central oscillator in a manner compatible with the original CCA1/LHY-TOC1 (PRR1) single-loop model (see Fig. 1A ).
11) The original single-loop model implies that CCA1/LHY act as repressors of the expression of TOC1 (PRR1) at the level of transcription, whereas TOC1 somehow activates the expression of CCA1/LHY in an indirect manner. In the multi-loop model, two other positive/negative feedback loops were further integrated so as to interlock with the original loop. In any case, this multi-loop model is consistent with results from other researchers. 12, 13) Nonetheless, verification of this hypothetical view must await further intensive examination. As an approach to this end, we have been taking reverse genetic approaches, through which we characterized a set of transgenic plants, each misexpressing (or overexpressing) a given PRR gene. We have characterized a series of transgenic lines, designated PRR1-overexpresser (PRR1-ox), 14) PRR3-ox, 15) PRR5-y To whom correspondence should be addressed. Tel: +81-52-789-4090; Fax: +81-52-789-4091; E-mail: yamasino@agr.nagoya-u.ac.jp Abbreviations: ATA, aurintricarboxylic acid; CaMV, Cauliflower Mosaic Virus; CCA1, CIRCADIAN CLOCK-ASSOCIATED1; CFP, cyan fluorescence protein; CO, CONSTANS; Col, Columbia-0; FFT-NLLS, fast Fourier transform-nonlinear least squares; GFP, green fluorescence protein; Ler, Landsberg erecta; LHY, LATE ELONGATED HYPOCOTYL; LL, continuous light; phyA/B, the phyA-201 phyB-5 double mutant; PRR, PSEUDO-RESPONSE REGULATOR; TOC1, TIMING OF CAB EXPRESSION 1; YFP, yellow fluorescence protein; ZTL,ZEITLUPE ox, 16) PRR7-ox, 17) and PRR9-ox. 18) The results from the reverse genetic studies on these transgenic plants were informative, as discussed in the previous paper. 17) One of the aims of this study is to extend this line of approach in order to clarify the molecular functions of PRRs (particularly PRR5) within the context of the current clock model for higher plants.
Another aim of this study is following: With regard to the central clock components, CCA1/LHY and PRRs, it is evident that the former are transcription factors containing a single MYB-DNA binding domain. CCA1 was demonstrated to bind to the TOC1 promoter region. 10) In contrast, little is known about the molecular function(s) of PRRs. Although it was shown that these clock-associated PRR proteins are localized in the nuclei, no evidence has been provided that they are DNA-binding transcription factors. 19) These PRR proteins commonly have a unique structural design containing a pseudo-receiver domain similar to the phospho-accepting receiver of the authentic two-component response regulator (see Fig. 3A ). At their C-terminal ends, they contain a CCT motif that is also found in the CONSTANS (CO) family of flowering regulators. Despite these characteristic molecular structures of PRRs, clarification of their biochemical functions is at a very early stage. In the hope of gaining insight into this issue, in this study we attempted to construct a set of transgenic plants, each of which was designed so as to overexpress a dissected part of a given PRR molecule. For this molecular dissection analysis, we first employed PRR5 here. Characterized were a set of transgenic lines overexpressing the entire PRR5 region, the N-terminal pseudo-receiver domain, the C-terminal domain containing the CCT motif, and so on (see Fig. 3A ). These transgenic plants were characterized in terms of their circadian-associated phenotypes, and the results provided us with several insights into the molecular function(s) of this clock-associated protein, as discussed below.
Materials and Methods
Plant materials and growth conditions. Arabidopsis thaliana ecotype Columbia-0 (Col), Landsberg erecta (Ler) and C24 were used as wild-type plants. PRR5-ox (Col background) was described previously.
16) The phyA-201 20,21) phyB-5 22, 23) double mutant (phyA/B) (Ler background) was a gift from Dr. G. C. Whitelam (University of Leicester, UK). The toc1-2 mutant 8) (C24 background) was a gift from Dr. Steve A. Kay (The Scripps Research Institute, California). PRR5-ox (Ler background), phyA/B PRR5-ox (Ler background), PRR5-ox (C24 background) and toc1-2 PRR5-ox (C24 background) were generated in this study (see below). Several transgenic plants that overexpress the following dissected portions of PRR5 was also generated in this study (see below): PRR5-N, the N-terminal pseudoreceiver domain (extending from the first Met to Arg of 171); PRR5-C, the remaining C-terminal region containing the CCT motif (from Gln of 172 to Pro of 558); PRR5-S, the intervening region between the pseudoreceiver domain and the CCT motif (from Gln of 172 to Gln of 508); and PRR5-CCT, the C-terminal CCT motif (from Arg of 509 to Pro of 558). Seeds were imbibed and cold treated at 4 C for 3 d in the dark before germination under light, and then the plants were incubated at 22
C. The cold-treated seeds were exposed to white light for 3 h before incubation to enhance germination when they were grown in the dark. Plants were grown in a chamber with light from fluorescent lights (70-80 mmol m À2 s À1 ) at 22 C on soil and/or agar plates containing MS salts and 1% sucrose. The light/ dark conditions used were either 16 h light/8 h dark, 12 h light/12 h dark or 10 h light/14 h dark, as specifically noted for each experiment.
Construction of transgenic plants. cDNA fragments that encode PRR5-N were amplified with primers AP5-PR-F: 5 0 -CATCTAGATGACTAGTAGCGAGGAAGT-AGTTG-3 0 (italic region, XbaI) and AP5-PR-R: 5 0 -GG-AGAAGAGCGGCCGCTCTTCTCCAGAC-3 0 (italic region, NotI) from pGBT9-APRR5 in which full-length PRR5 cDNA was cloned. 24) For PRR5-C, AP5-C-F 0 : 5 0 -ATTCTAGAATGCAAACTTCACTTGCTCCTGATAG-C-3 0 and AP5-C-R: 5 0 -GCTCCATAGCGGCCGCTAT-GGAGCTTG-3 0 ; For PRR5-S, AP5-C-F 0 and AP5-S-R:
0 and AP5-C-R. The 0.65 kbp (PRR5-N), 1.2 kbp (PRR5-C), 1.0 kbp (PRR5-S) and 0.2 kbp (PRR5-CCT) DNA fragments amplified were digested with XbaI and NotI and cloned between the XbaI and NotI sites in the pSK1 binary vector 25) downstream of the CaMV 35S promoter, generating pSK1-PRR5-N, pSK1-PRR5-C, pSK1-PRR5-S and pSK1-PRR5-CCT respectively. In addition to them pSK1-PRR5 16) were used to generate PRR5-ox (Ler background), phyA/B PRR5-ox (Ler background), PRR5-ox (C24 background) and toc1-2 PRR5-ox (C24 background) plants respectively. Each plasmid was transformed into the Agrobacterium tumefaciens strain and then Arabidopsis plants were transformed by vacuum infiltration procedures as described previously. 16) Only transgenic lines considered to segregate kanamycin resistance as a result of integration at a single locus were used, establishing homozygous T3 seeds.
Transient expression assays with T87 protoplasts. cDNA fragments that encode PRR5-N and PRR5-C were amplified with primers AP5-PR-F and 5NRNco: 5 0 -AGACCCATGGGTCTTCTCCAGACATGCTGCC-3 0 (italic region: NcoI), and AP5-C-F 0 and 5CRBam: 5 0 -GG-GGATCCCCTGGAGCTTGTGTGGATTGGAC-3 0 (italic region: BamHI) respectively, using pGBT9-APRR5 as a template. The 0.65 kbp (PRR5-N) DNA fragments amplified were digested with XbaI and NcoI and cloned between the XbaI and NcoI sites in the pBS-ECFP vector previously described, 26) downstream of the CaMV 35S promoter and upstream of CFP to express PRR5-NeCFP fusion protein transiently in plant cells, generating pSK1-PRR5-N-ECFP. The 1.2 kbp DNA fragments (PRR5-C) were digested with XbaI and BamHI and cloned between the XbaI and BamHI sites in the pBS-ECFP vector as was with PRR5-N, generating pBS-PRR5-C-ECFP. Protoplast formation and transient expression assays were preformed according to the method described previously. 26) Other general methods. We also conducted the following general experiments, such as preparing RNA and Northern blot hybidization, red light response in early photomorphogenesis, and flowering time. The procedures for these were exactly the same as those described in the previous paper.
17)
Probes for Northern blot hybridization. Double stranded 32 P-labeled DNA probes were used to detect each specific mRNA. To detect transcripts from the transgenes that encode PRR5, PRR5-N, PRR5-C and PRR5-S, full-length PRR5 cDNA, described previously, was used as a probe. 14) To detect transcripts from the transgene that encodes PRR5-CCT, pSK1-PRR5-CCT was digested with XbaI and NotI. The 0.2 kbp DNA fragments that encode the CCT motif were purified and used as a probe. The 32 P-labeled probes were prepared by the Megaprime DNA Labeling System (Takara Shuzo, Kyoto, Japan).
Results and Discussion
Characterization of the functions of PRR5 in the context of the current clock model
As explained earlier, first we wanted to characterize the functions of PRR5 in the context of the current clock model (Fig. 1A) , with special reference to its role in red light signal transduction during the early photomorphogenesis of seedlings. As demonstrated in the previous paper, a series of PRR-ox transgenic lines showed characteristic phenotypes with regard to the sensitivity to red light during early photomorphogenesis. In particular, PRR5-ox seedlings are extremely hypersensitive to red light, giving rise to very short hypocotyls as compared with the wild-type seedlings (Fig. 1B , see also Fig. 2 ). With regard to this particular event, one can readily assume that there is a link between the phytochrome-dependent signaling pathway and the functions of clock-associated genes (see Fig. 1A ). To verify this assumption, we established transgenic lines carrying phyA phyB hypomorphic double mutant alleles together with the PRR5-ox hypermorphic transgene (designated phyA/B PRR5-ox). These derivatives of the ecotype Landsberg erecta were characterized in terms of their sensitivity to red light during early photomorphogenesis (Fig. 1B) . The results of these combinatorial epistatic analyses indicated that the effect of PRR5-ox on hypocotyl-elongation is largely if not completely dependent on the PhyA and PhyB red light receptors.
To address the issue from another angle, we then established a transgenic line carrying the toc1-2 null allele together with the PRR5-ox transgene (toc1-2 PRR5-ox). The co-established reference was parental ecotype C24 carrying only the PRR5-ox transgene (PRR5-ox). These newly established lines were also subjected to hypocotyl-elongation assay (Fig. 2) . The toc1-2 loss-of-function mutation resulted in a phenotype of marked hyposensitivity to red light, as compared with the wild-type C24 seedlings, as reported previously. 27) When the toc1-2 PRR5-ox transgenic seedlings were examined, they were hyper sensitive to red light in the elongation of hypocotyls (Fig. 2) . This suggests that the PRR1 clock component is not necessarily required for PRR5-ox to exert its effect on hypocotyl-elongation. It is currently believed that PRR1 and PRR5 play distinctive but interdependent roles in the clock mechanism (see Fig. 1A ). Interestingly, however, the result of this study suggests that PRR1 and PRR5 play roles in redundant (or parallel) manners in the regulation of hypocotyl elongation. In view of these new findings, as summarized in Fig. 1A , we further attempted to dissect its molecular function in plants, as explained below.
Construction of a series of PRR5-ox transgenic lines
By employing a cloned cDNA segment, each dissected portion of the PRR5 coding sequence was separately fused to the constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter on a binary vector for transgenic plants, so as to express a given truncated portion of PRR5 in plants (Fig. 3A) . One of the resulting transgenic lines was designated PRR5-N-ox, expressing the N-terminal pseudo-receiver domain (extending from the first methionine to the arginine residue of 171). Likewise, another line was designated PRR5-C-ox, encoding the remaining C-terminal region containing the CCT motif. Together with these, PRR5-S-ox and PRR5-CCT-ox transgenic lines were also constructed, as shown schematically (Fig. 3A) . For these constructs, several independent lines were established, homozygous with regard to a given transgene. The parental plants (ecotype Columbia, Col) and PRR5-ox expressing the entire PRR5 region in the Col background were also employed.
To ensure the expression levels of their transcripts in the transgenic plants, they were grown on agar plates containing MS salts (MS agar plates) for 18 d a 12 h light/12 h dark cycle. RNA samples were then prepared through 1 d at intervals of 3 h, and they were analyzed by Northern blot hybridization with a probe specific to PRR5. As shown in Fig. 3B , the wild-type Col plants expressed the entire PRR5 transcript rhythmically. The peak appeared 7 h after light, as expected. In contrast, PRR5-N-ox expressed a large amount of truncated transcript throughout the day and night constitutively. Also, we detected a longer transcript, which was assumed to be the full-length PRR5 transcript that is expressed endogenously and rhythmically (see the bands marked with an asterisk). Similarly, a large amount of truncated transcript was detected in PRR5-C-ox as well as in PRR5-ox (note that the endogenous PRR5 transcript was masked in these samples). Essentially the same analyses were done for PRR5-S-ox and PRR5-CCT-ox, and it was confirmed that these transgenic plants also constitutively expressed the respective truncated transcripts in large amounts (data not shown). These established transgenic lines were then subjected to subsequent analysis.
Expressions of truncated PRR5 gene-products in plants
So far we have not succeeded in detecting the PRR5 protein in plants. Hence we are not certain whether the corresponding protein products did indeed accumulate in these transgenic plants. As an alternative approach, we expressed these truncated genes transiently, fused to the CFP (cyan fluorescence protein) coding sequence (a derivative of GFP: green fluorescence protein) in protoplasts prepared from Arabidopsis T87 stable cell culture. The resulting CFP::PRR5, CFP::PRR5-N and CFP::PRR5-C fusion genes on an appropriate expression vector were transiently expressed in the cells. It was observed that these fusion protein products were localized in a confined region within the nuclei, whereas the control fluorescence protein (YFP: yellow fluorescence protein) itself did not show such a characteristic localization profile (Fig. 4) . These results are compatible with the idea that the expressed PRR5-N and the PRR5-C polypeptides can stably accumulate in plant cells and localize within the nuclei, if not exclusively, as far as the CFP-fusion proteins are concerned. We know that the CCT-motif contains an NLS (nuclear localization signal), but we do not know about the NLS in PRR5-N. However, the fact that PRR5-N is also localized in the nuclei is critical in interpreting the subsequent results, because all of the observed clock-associated events would occur in the same cellular compartment.
Characterization of a series of transgenic plants with reference to three hallmarked circadian-associated phenotypes
In general, it is well accepted that if Arabidopsis plants have a certain lesion in a given circadianassociated gene (due to a mutation or misexpression), the resulting plants often display characteristic phenotypes, as is explained in the previous paper. With regard to this, PRR5-ox plants show the following characteristic phenotypes: (i) marked hypersensitivity to red light during early photomorphogenesis, as seen in Figs. 1B and 2; (ii) extremely early flowering in a manner independent of photoperiodicity; and (iii) severely dampened free-running rhythms of many circadian-controlled genes. In view of these experimental rationales, PRR5-N-ox and PRR5-C-ox plants were examined for their circadian-associated phenotypes in comparison with those of PRR5-ox as well as wild-type Col plants.
(i) Red light sensitivity When the isolated transgenic plants (PRR5-N-ox, PRR5-C-ox, and PRR5-ox) were grown on MS agarplates, all the transgenic lines grew as well as Col did, although the sizes of young PRR5-C-ox seedlings were slightly smaller than those of others (Fig. 5, upper  panel) . When they were transferred to soil, they all grew well and set flowers and seeds normally. When they were germinated in the dark, the hypocotyl-lengths of the etiolated seedlings were indistinguishable from each other (Fig. 5, middle panel) . However, when they were grown under a given fluence rate of red light, the average hypocotyl length of PRR5-ox was much shorter than that of Col (Fig. 5, lower panel) , as seen in Figs. 1B and 2. It was observed that PRR5-C-ox seedlings showed essentially the same phenotype of hypersensitivity to red light, while the average hypocotyl length of PRR5-N-ox seedlings was indistinguishable from that of wild-type Col. This was confirmed over a varied range of red light fluence rates (data not shown). These results suggest that the N-terminal pseudo-receiver domain could be dispensable for the misexpressed PRR5 molecule to bring about this particular phenotype of red light sensitivity, and that the C-terminal PRR5-C peptide is sufficient to do so. (ii) Control of flowering time A. thaliana is a facultative long-day plant in that it sets flowers much earlier under long-day (16 h light/8 h dark) conditions than under short-day (10 h light/14 h dark) photoperiodic conditions. This can be examined quantitatively by counting the days of bolting and the number of leaves at that time. As exemplified here with wild-type plants, Col flowered much earlier under the long-day conditions than under short-day ones (Fig. 6) . In contrast, PRR5-ox showed a phenotype of early flowering even in the short-day conditions in a manner independent of photoperiodicity. Under the same experimental conditions, it was evident that PRR5-C-ox plants also developed a visible inflorescence stem (or primary bolt) much earlier than Col in a manner independent of photoperiodicity. PRR5-N-ox plants flowered at the same time as Col. These flowering phenotypes are seen in Fig. 6 , upper panel. Again, these results suggest that the C-terminal region is sufficient and that the N-terminal pseudo-receiver domain is dispensable for the PRR5 molecule to bring about the phenotype of early flowering.
(iii) Effects on the function of the intrinsic circadian clock
The last critical question is whether the rhythmic expressions of certain clock-controlled genes are perturbed in either PRR5-N-ox or PRR5-C-ox plants, as has previously been observed for PRR5-ox. In other words, does misexpressed PRR5-N or -C affect internal clock function per se? This was examined for transgenic plants grown under continuous light (LL) conditions (Figs. 7-9 ). Together with the wild-type plants, PRR5-ox and PRR5-C-ox plants were grown for 20 d under LD, and then they were transferred to LL. At intervals (3 h), RNA samples were prepared and subjected to Northern blotting hybridization analysis with probes specific for the clock-controlled genes CCA1 and CCR2 (Fig. 7) . Consistently with previous observations, the free-running CCA1 (a morning gene) rhythm of PRR5-ox was severely dampened and downregulated toward a trough level, whereas CCR2 (an evening gene) was also markedly dampened but upregulated toward a peak level. Importantly, essentially the same anomalies of rhythm as in PRR5-ox were seen in PRR5-C-ox, suggesting again that the C-terminal region is sufficient and that the N-terminal pseudo-receiver domain is dispensable for the PRR5 molecule to bring about the rhythm-associated phenotype.
(iv) The phenotype of PRR5-N No phenotype has been seen for PRR5-N-ox (Figs. 5 and 6). However, PRR5-N-ox eventually displayed a clear phenotype in Fig. 8 , when the rhythmic profiles of both the CCA1 and PRR1 clock genes were examined under the same conditions as for PRR5-C-ox. The rhythmic peaks of CCA1 in PRR5-N-ox appeared progressively at delayed positions, as compared with those seen in Col. Essentially the same event was observed for the expression profiles of PRR1 in PRR5-N-ox. Empirically, these are indicative of the phenotype of long-period rhythm due to an altered clock function. To confirm this idea, we also examined the rhythmic profile of a typical circadian clock-controlled gene, CCR2, and a consistent result was obtained (Fig. 8) . The raw data of signal intensity were then analyzed by the FFT-NLLS (fast Fourier transform-nonlinear least squares) algorithm. The periods of free-running rhythms in LL were estimated from the fitted curve to be 24:8 AE 1:6 h for Col and 26:6 AE 1:9 h for PRR5-N-ox (Fig. 8) . Taken together, the results suggest that the truncated PRR5-N is not just a molecule of loss of function, but rather it has something to do with the clock function in plants. But PRR5-C-ox and PRR5-N-ox showed characteristic phenotypes, different from each other with regard to circadian rhythms, suggesting that these two regions play distinct roles, as further discussed below (see the last section, ''Insight into the function of PRR5'').
Additional experiments
In the hope of gaining further insight into the molecular function(s) of PRR5, we attempted to construct two further transgenic lines, PRR5-S-ox and PRR5-CCT-ox (see Fig. 3A ). After constitutive expressions of these transcripts in transgenic plants were confirmed (data not shown), they were analyzed with special reference to the hallmarked circadian-associated phenotypes, as has been done for PRR5-N-ox and PRR5-C-ox. But neither of them showed a characteristic phenotype in the aspects examined (data not shown). Hence, we can draw no further conclusions with regard . At 49 h after LL, RNA samples were prepared from leaves at appropriate intervals (3 h), as schematically indicated. In the bottom rectangles, open ones denote subjective day, and hatched ones, subjective night. Northern blot hybridization was carried out with probes specific to CCA1, PRR1, CCR2 and UBQ10. The signal intensity of the UBQ10 transcripts in each lane was a loading and internal reference. The data are shown only for PRR5-N-ox in the top and middle panels for clarity.
As for the signals of CCR2 transcripts, they were analyzed by the FFT-NLLS (fast Fourier transform-nonlinear least squares) algorithm. The periods of free-running rhythms in LL were estimated from the fitted curve 24:8 AE 1:6 h for Col, and to be 26:6 AE 1:9 h for PRR5-N-ox. . At 49 h after LL, RNA samples were prepared from leaves at appropriate intervals (3 h), as schematically indicated. In the bottom rectangles, open ones denote subjective day, and hatched ones, subjective night. Northern blot hybridization was carried out with probes specific to CCA1, CCR2 and UBQ10. In these experiments signal intensity of the UBQ10 transcripts in northern blot and the content of rRNA in each lane were loading and internal references. They are shown only for PRR5-C-ox for clarity.
to these truncated PRR5 molecules but these negative results highlighted the significance of the observed phenotype of PRR5-N-ox.
Insight into the function of PRR5
Currently, together with the TOC1 (or PRR1) clock component, PRR5 is believed to play roles close to the circadian clock in the model higher plant Arabidopsis thaliana. 28, 29) This has been evidenced, for instance, by the fact that transgenic plants misexpressing PRR5 (designated PRR5-ox) showed the characteristic phenotypes as to the hallmarked circadian-associated biological events: (i) PRR5-ox seedlings show a hypersensitive response to red light during early photomorphogenesis, giving rise to shorter hypocotyls than wild-type seedlings (see Fig. 5 ); (ii) PRR5-ox plants flower earlier than the wild-type in a manner independent of photoperiodicity (see Fig. 6 ); (iii) the free-running rhythms of clock-associated genes were severely dampened in PRR5-ox plants grown under continuous white light conditions (see Fig. 7 ). 16) Based on this background, in this study we first constructed a PRR5-ox transgenic line in the phyA phyB double mutant background, and also in the toc1-2 mutant background. These transgenic lines were characterized in terms of their sensitivity to red light during early photomorphogenesis (see Figs. 1B and 2) . The results suggest that PRR5 functions in a manner dependent on the red light photoreceptors (PhyA and PhyB), but in a manner parallel to TOC1, as far as the red light sensitivity during photomorphogenesis is concerned.
It remains to determine the phenotypes of these phyA phyB PRR5-ox and toc1-2 PRR5-ox transgenic lines with respect to control of flowering time and circadian rhythms. However, it is well known that the phyB and toc1-2 mutants both show an early flowering phenotype that is very similar to the phenotype of PRR5-ox, 7, 30, 31) and also that many hallmarked clock-controlled genes are severely perturbed in plants. Hence, in principle, the interpretations of such genetic analyses should be rather complicated. For these reasons, further characterization of these transgenic lines must await careful examination. Still, these newly constructed PRR5-ox transgenic lines are informative at least for characterizing the function of PRR5 in a phytochrome-dependent red light-signal transduction pathway, as explained above.
Next, the function of PRR5 was further characterized by employing another set of transgenic lines expressing a truncated form of PRR5. The results further provided us with new insight into the circadian-associated function(s) of the PRR5 molecule. Hence, these were discussed on the basis of the primary structure of PRR5 (Fig. 9) . When the structure of PRR5 was compared with those of other PRRs, the amino acid sequences of their pseudo-receiver domains and CCT motifs were highly homologous to each other. In contrast, the sequences of intervening regions were highly diverse from each other. Considering this, the results of this study support the view that this intervening region, together with the CCT motif, is important for PRR5 to exert its specific circadian-associated function (Figs. 5, 6, and 7). This view can be explained by assuming that this C-terminal region of PRR5 plays a major and positive role because its biological activities are essentially comparable with those of the intact PRR5 molecule.
The results of this study suggest that the N-terminal pseudo-receiver domain of the PRR5 molecule seems to be dispensable for the misexpressed PRR5 molecule to bring about the phenotype of red light sensitivity and flowering. Alternatively, they also suggest that the separated N-terminal receiver domain of PRR5 appears to play a latent function, as far as the assays of this study are concerned. According to general logic, such an event is best explained by assuming that the receiver domain might play an intra-molecular cis-acting negative (or repressive) role toward the C-terminal domain. In other words, the receiver domain somehow inhibits the activity of the C-terminal domain through a domaindomain interaction. Alternatively, the receiver domain serves as a scaffold for other proteins. In connection with this scenario, it is worth mentioning that PRR5 possesses the property of interacting with 26S proteasome-associated F-box proteins, named ZTL (ZEI-TLUPE) 32) and LKP2 (LOV kelch protein 2) 33) /ADO2 (ADAGIO2) 34) /FKL2 (FKF1-like 2), 35) and ZTL is believed to be a clock related component.
32) It can be assumed that ZTL and/or LKP2 act(s) as a repressor for PRR5 by degrading the protein. Thus the receiver domain of PRR5 might be their target. This interesting possibility is worth examining in the future.
The above scenario as to PRR5-N is not the end of story. The role of PRR5-N appears to be not merely latent (or recessive), because the misexpression of PRR5-N in plants caused a perturbation in the intrinsic clock function, displaying the long-period phenotype in circadian rhythms of certain clock-controlled genes (Fig. 8) . The most simple and general explanation of this type of genetic effect is that if the receiver domain alone were expressed in plants, it would exhibit a negative dominant effect through a protein-protein interaction. The target of such a negative dominant effect could be PRR5 itself through a homo-dimer formation, or could be other PRRs through a heterodimer formation between their highly homologous receiver domains. Alternatively, it might also be an as yet unidentified protein. The first possibility will be dismissed, because it is known that a prr5 null (loss-offunction) mutant displays the phenotype of short period rhythms of circadian-controlled genes, which is quite opposite to what was observed for PRR5-N-ox. We rather favor the second possibility that the receiver domain of PRR5 interacts with other PRRs. The best candidate for such a target might be PRR9, because the phenotypes of PRR5-N-ox plants are quite similar to those of a prr9 loss-of-function mutant. It has been reported that the prr9 phenotypes are very subtle with regard to the control of flowering time and sensitivity to red light. However, its effect on circadian rhythms was evident in that the prr9 mutant showed the long-period phenotype. Note that other prr1 (toc1) and prr7 mutants displayed phenotypes distinctive from those of prr9 (and PRR5-N-ox). 11, [36] [37] [38] It is thus of interest to examine the physical and functional interaction between PRR5 and PRR9 in their clock functions. For instance, it might be possible to assess this possibility by constructing a PRR5-N-ox transgenic line within the prr9 null mutant background. This line of experiment is underway.
